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We have investigated the adsorption and desorption of helium near its liquid-vapor critical point in
silica aerogels with porosities between 95% and 98%. We used a capacitive measurement technique
which allowed us to probe the helium density inside the aerogel directly, even though the samples
were surrounded by bulk helium. The aerogel’s very low thermal conductivity resulted in long
equilibration times so we monitored the pressure and the helium density, both inside the aerogel and
in the surrounding bulk, and waited at each point until all had stabilized. Our measurements were
made at temperatures far from the critical point, where a well defined liquid-vapor interface exists,
and at temperatures up to the bulk critical point. Hysteresis between adsorption and desorption
isotherms persisted to temperatures close to the liquid-vapor critical point and there was no sign
of an equilibrium liquid-vapor transition once the hysteresis disappeared. Many features of our
isotherms can be described in terms of capillary condensation, although this picture becomes less
applicable as the liquid-vapor critical point is approached and it is unclear how it can be applied to
aerogels, whose tenuous structure includes a wide range of length scales.
I. INTRODUCTION
Fluid phase transitions can be drastically changed by
confinement in small pores. Helium has a rich phase dia-
gram and well-understood bulk behavior and is an ideal
system in which to study these changes. Silica aerogels,
with their tenuous structure and extraordinarily low den-
sities, provide a unique opportunity to introduce impuri-
ties in a controllable way and so to address fundamental
questions about how disorder, finite size effects and sur-
faces affect phase transitions and critical behavior. Re-
cent work on the helium/aerogel system has provided in-
sights into the role of disorder in a wide range of phase
transitions. For example, the lambda transition for 4He
in aerogels1,2 remains sharp, but with a non-bulk critical
exponent for superfluid density, while for 3He aerogels
suppress or even completely eliminate superfluidity3,4,
resulting in a zero temperature “quantum phase tran-
sition.” For 3He-4He mixtures, the presence of 2% or
even 0.5% silica (i.e. aerogels with porosity of 98% or
99.5%) has dramatic effects5,6,7 on the entire phase dia-
gram, causing the phase separation curve to detach from
the lambda line and stabilizing a region of dilute 4He
superfluid inaccessible in bulk mixtures.
The range of effects aerogels have on the various tran-
sitions reflects differences in their correlation lengths and
in how the order parameter couples to the aerogels. In
superfluid 4He, the correlation length is very small and
only approaches that of the aerogel structure very close
to the lambda point. The correlation length in superfluid
3He is much larger, comparable to aerogel length scales
at all temperatures. In 3He-4He mixtures, the aerogel
strands couple directly to the order parameter (3He con-
centration), in contrast to the much weaker coupling to
the superfluid order parameters in 3He and 4He.
The liquid-vapor phase transition in porous media has
considerable fundamental and practical interest. It is of-
ten described within the framework of capillary conden-
sation since, in geometries like pores or channels, fluids
tend to condense more readily than in bulk. That is, liq-
uid forms at pressures lower than the bulk saturated va-
por pressure. This behavior is usually described by tak-
ing into account the energetics of liquid-vapor and liquid-
solid interfaces (i.e. surface tension) and the depression
of condensation pressure is fairly well-described by the
Kelvin equation, even in very small pores8. Capillary
condensation is characterized by very deep metastable
states during adsorption and desorption, which leads to
hysteresis along adsorption isotherms.
Although extracting pore size distributions for real
porous media requires simplifying assumptions, the fun-
damental aspects of capillary condensation are well ex-
plained. However, near the liquid-vapor critical point
(LVCP) this picture breaks down. Thermal fluctuations
grow from atomic to macroscopic scale as the LVCP is
approached and many thermodynamic properties diverge
(e.g. the liquid-vapor interface thickness) or tend to zero
(e.g. the surface tension). Close to the critical point,
density fluctuations might exceed the size of the pores,
raising the question of how the critical behavior responds
to confinement. In bulk fluids, the liquid-vapor transition
falls into the Ising universality class and deGennes9,10
suggested that fluids in porous media may provide a re-
alization of the random field Ising model (RFIM). How-
ever, most measurements in pores and gels show slow
dynamics11, metastability and hysteresis and this com-
plicated behavior makes it difficult to compare directly
to theories of phase transitions in disordered media.
Experimental work on capillary condensation of near-
critical fluids includes dense porous glasses such as CPG
(controlled pore glass)12,13,14. These studies show a slight
narrowing in the phase separation curve, with the “va-
por” branch shifted to higher densities than in the bulk
fluid. In addition, the termination of this curve, some-
times referred to as the “capillary critical point,” is
shifted to a temperature below the bulk LVCP. Despite
the relatively well defined pore geometries of these sys-
tems there is no general agreement about how to picture
2these systems near the LVCP. Aerogels provide an oppor-
tunity to study this transition in a very different medium,
one without a well-defined pore shape. With their ten-
uous network of silica strands, it is hard to imagine a
liquid-vapor meniscus with the uniform negative curva-
ture usually associated with capillary condensation. On
the other hand, aerogels could be the ideal system in
which to study liquid-vapor critical behavior in the di-
lute impurity limit. However, a recent direct measure-
ment of density fluctuations in carbon dioxide confined
in aerogel15 showed little evidence for a diverging corre-
lation length at the LVCP and thermal fluctuations may
be less important than those introduced by the disorder
in the aerogel structure16.
The first liquid-vapor experiments involving aerogels17
showed a reduced critical temperature for 4He in a 95%
porosity sample and a coexistence region which was dra-
matically narrowed (by a factor of ten). Below the criti-
cal point, isotherms appeared to have discontinuous den-
sity jumps between vapor and liquid-like phases and no
hysteresis was observed. The surprisingly narrow coexis-
tence curve, determined from heat capacity and isotherm
measurements, could be fit using the bulk critical expo-
nent. Measurements with N2
18 showed slow dynamic be-
havior (in density fluctuations in light scattering) and a
coexistence curve that was also narrower than for bulk
(although substantially broader than for 4He). More re-
cently, a low frequency mechanical pendulum technique
was used to measure adsorption isotherms and study19,20
the liquid-vapor behavior of 4He in a similar aerogel.
The measurements were affected by very long thermal
response times but showed finite isotherm slopes and
hysteresis between filling and emptying, even near the
critical point. The behavior was reminiscent of capil-
lary condensation, rather than equilibrium coexistence
and critical behavior. Our preliminary ultrasonic, acous-
tic resonator and isotherm measurements21,22,23,24,25 on
neon and helium in aerogels also showed hysteresis and
our phase separation curves were narrower than in bulk
fluids, but substantially broader than the 4He curve in
Ref. 17.
Recently, computer models of fluid adsorption in aero-
gel have also reached a level of realism which allows direct
comparison between experimental and simulated adsorp-
tion isotherms16,26. These simulations were made using a
lattice-gas model, with the aerogel structure produced by
a diffusion-limited cluster-cluster aggregation algorithm.
The use of the lattice-gas model allows the very large
simulation volumes necessary for investigating low den-
sity aerogels. The simulations favor an interpretation
without a macroscopic equilibrium phase transition near
the bulk critical point and provide a picture of the liquid-
vapor interface during adsorption in aerogel. The simula-
tions show an interface with a range of curvatures, which
becomes less distinct as the temperature is raised.
The liquid-vapor phase transition has not been system-
atically experimentally studied around the LVCP. While
adsorption isotherms of low density aerogels at tempera-
tures far below the LVCP have shown how the isotherm
shape changes with porosity27, data near the LVCP are
restricted to a single porosity (namely 95%). How hys-
teresis in the adsorption isotherms disappears as the tem-
perature is raised has not been quantitatively studied for
fluids in aerogel, and raises interesting questions about
the effects of impurities on liquid-vapor critical behavior.
The existence of equilibrium liquid-vapor transition for
fluids in low density aerogels, necessary for there to be
true critical behavior, is an open question. While there is
little evidence for liquid-vapor critical behavior in denser
media, as the concentration of impurities (i.e. aerogel
density) is reduced this critical behavior may resurface.
In this paper, we describe a series of experiments on
the isothermal adsorption and desorption of helium in sil-
ica aerogels of different densities. The aerogels were sur-
rounded by bulk helium, but we used a capacitive mea-
surement technique which allowed us to probe the helium
density inside the aerogel directly. We controlled and var-
ied the pressure, and thus the chemical potential, rather
than admitting fixed amounts of helium. Thermal equi-
libration within aerogels was exceptionally slow; their
tenuous microstructure suppressed convection and con-
ducted heat very poorly. This slow equilibration was con-
trolled by the heat of adsorption when fluid is added to
(or removed from) the gel. Pressures equilibrated rapidly
due to the aerogels’ large permeability, but the heat of
adsorption produced a temperature gradient which kept
the fluid density within the gel from equilibrating un-
til this heat had been conducted through the sample.
We minimized equilibration times by cutting our samples
as thinly as possible (less than 0.5mm), but the system
could still take hours to equilibrate after a pressure step.
Since there was no way to avoid this slow equilibration
in monolithic aerogels, we monitored the pressure, bulk
helium density and helium density inside the aerogel and
waited at each point until all had stabilized. We then
made detailed measurements to see how the isotherm
shapes and hysteresis depended on aerogel density and
how they evolved with temperature near the LVCP.
Our results show that hysteresis in adsorption
isotherms persists to temperatures very close to the
LVCP, and there is no sign of an equilibrium liquid-
vapor transition once the hysteresis disappears. With
aerogel samples with porosities between 95% and 98%,
and isotherms taken at temperatures from 4.880K to he-
lium’s bulk critical point at 5.195K, we are able to ana-
lyze the evolution of adsorption isotherms with temper-
ature and aerogel density. The shapes of our isotherms
agree with simulation studies16, and recent experimen-
tal20 work, but show no signs of the surprisingly narrow
coexistence region17 seen in the first study published on
helium condensation on aerogel.
3II. EXPERIMENT DETAILS
A. Aerogel samples
Adsorption isotherms were collected for helium con-
densation in several aerogel samples. The two samples
studied in detail had densities of 110 kg
m3
and 51 kg
m3
corre-
sponding to porosities of 95% and slightly less than 98%
respectively; throughout this paper they are referred to
as aerogels “B110” and “B51.” These aerogel samples
were synthesized in our lab from TMOS using the stan-
dard one-step base catalyzed method followed by super-
critical extraction of the methanol solvent28. Sample B51
was the lowest density sample that we could reliably get
to gel using the one-step process — to go to lower densi-
ties (and thus higher porosities) one must use a two-step
synthesis procedure29. Data from a third sample, desig-
nated “U90,” are not presented in detail here since the
aerogel was not made in our laboratory and its synthesis
conditions are unknown. Its physical appearance resem-
bled that of our other two samples, and it had a density
of 90± 25 kg
m3
.
The aerogel samples were ∼ 0.5mm thick discs cut39
from monolithic aerogel cylinders about 12mm in diam-
eter and ∼ 2.5cm long. Because of the highly fragile na-
ture of aerogels, great care had to be taken at all points to
minimize any forces on the discs. Copper films were then
deposited directly onto both faces of the aerogel discs by
thermal evaporation through a 9mm diameter mask (de-
posited at 0.3–0.4 nm/sec to a thickness of 200± 20nm,
as determined by quartz crystal thickness monitor). Em-
pirically, metal did not seem to penetrate significantly
into the aerogel and the copper film did not plug the
pores as it would for a denser porous medium. The
metal film acted as a continuous electrode, confirmed by
electrical conductivity measurements. By patterning the
electrodes directly onto to aerogel we ensured that any
bulk fluid in the experimental cell could only influence
our measurements through the capacitor’s fringe fields; it
could not intrude directly between the capacitor plates.
The samples acted as parallel plate capacitors, but in-
cluded significant effects from fringe fields (electric field
lines which project from the edges of the capacitor)
through the bulk helium in the cell. Since the measured
capacitance depended on the details of all the electric
field lines, it was affected by the environment outside as
well as that inside the aerogel. This effect was clearly
seen in the experiment – for a slice of aerogel of our di-
mensions, fringe fields caused the capacitance to deviate
from the ideal infinite parallel plate capacitance by about
10%. The aerogel capacitors were also modelled using an
electrostatic modelling program40. The model calcula-
tions reproduced the magnitude of the fringe field effect
seen experimentally30.
B. Cell Design
There were three distinct modules to the cell, each with
a single measurement function – a central piece and two
endcaps. The center included a capacitive pressure gauge
and an inlet capillary through which fluid could be ad-
mitted. One endcap measured bulk fluid density using
a coaxial cylindrical capacitor with the bulk fluid acting
as a dielectric between the plates. The other endcap was
used to hold the aerogel sample for measurements of fluid
density within the gel. Details of the experimental setup
can be found in Ref. 30.
The aerogel lay in a shallow copper cup which made
contact with the bottom electrode on the aerogel slice and
was electrically connected to an isolated feed-through sol-
dered into the cell. Contact to the top electrode was
made by a patch of fine metal mesh — the patch acted
as a very weak spring, holding the slice in place while
ensuring good electrical contact to another feed-through.
A typical aerogel sample had a capacitance of C0 ≈ 2pF.
The experimental cell was designed to reduce stress on
the sample, allowing us to work with weak, high porosity,
aerogels.
The bulk density capacitor had a capacitance of
Cbulk ≈ 35pF. The outer plate was a 1cm length of
1.25cm diameter thin-walled stainless steel tubing; the
inner plate was a 1cm long solid copper cylinder ma-
chined to fit inside the tubing with a slight gap between
the two. The two plates were separated by eight small
dabs of epoxy — the epoxy held the plates apart, but
filled a negligible amount of the inter-plate volume (less
than 2%).
The in situ pressure gauge was necessary to obtain suf-
ficient precision and reproducibility for our experiments.
The gauge was constructed after the design of Straty
and Adams31, and consisted of a 0.2mm thick hardened
beryllium-copper diaphragm whose deflection influences
the separation of two parallel brass plates. The gauge
was calibrated for each data run using a room tempera-
ture pressure gauge41.
The cell was mounted on a liquid helium cryostat, with
cooling power provided by helium exchange gas. Temper-
ature was controlled using a calibrated Germanium re-
sistive thermometer and 200Ω thick film resistive heater
mounted directly on the cell body. Cell temperature was
controlled to ±50µK with long term drift also of about
±50µK.
C. Data Collection
Most capacitance data from aerogel B110 were ob-
tained using a manually balanced capacitance bridge.
Since we did not use a low temperature reference ca-
pacitor, the bridge’s resolution and drift limited the ex-
perimental resolution to about 1 part in 105. Later data,
including all data on aerogel B51, were collected using an
4FIG. 1: A schematic of the low temperature portion of the
setup used to measure aerogel capacitance during adsorption
of helium in silica aerogel.
automated capacitance bridge42 with much higher reso-
lution.
Helium was admitted to the cell using two different
methods. In the first method, helium was directly ad-
mitted to the cell from a room temperature gas handling
system through a mass flow controller. This ensured a
continuous flow into the cell at a well controlled rate,
but even the slowest rate of flow was too fast to allow
for relaxation within the aerogel. To allow for thermal
equilibration, the flow controller had to be shut off and
the system allowed to relax until the fluid density in the
aerogel stopped changing. Most data from sample B110
were taken in this manner.
For collecting data on aerogels B51 and U90, a low tem-
perature ballast volume was mounted about 33cm above
the cell for collecting equilibrated points; the setup is
shown schematically in Fig. 1. Helium was admitted to
the ballast and the pressure of the system was then con-
trolled by adjusting the temperature of the ballast vol-
ume. The ballast and cell were connected by a ∼ 50cm
length of 0.2mm i.d. CuNi capillary and their tempera-
tures were controlled independently. When the ballast
held coexisting liquid and vapor, a small step in the
ballast temperature would change the equilibrium vapor
pressure of the helium in the ballast, and consequently
change the pressure in the sample cell.
This latter method is directly analogous to simulation
studies of hysteretic adsorption of fluids in which the
chemical potential is gradually incremented and the re-
sponse of the fluid density is monitored. Using this pres-
sure stepping technique, we ensured that we remained
along the outside edge of any hysteresis loops. On the
other hand, if volumetric bursts were added to, or re-
moved from, the system, an unknown degree of local
heating or cooling could have occurred within the sam-
ple. Thus, precise knowledge would be lost about where
the system was within the hysteretic region. When a sys-
tem is not governed by metastability the methods should
give identical results, but when hysteresis is present the
current state of the system depends on all the states it
occupied along the way.
Using the pressure regulation ballast allowed us to
automate small pressure steps along the adsorption
isotherm and required no additional helium input from
the gas handling system outside the cryostat. Our tech-
nique worked well for isotherms with finite slopes, but
it only produced a few points along very flat isotherms
(i.e. isotherms where the aerogel sample filled with liq-
uid over a narrow pressure range) whereas the dosing
technique would have allowed a higher density of points.
For B110 there was no problem obtaining enough points
along the hysteresis loop of the isotherm, but for B51
the isotherms were so flat that they would fill or empty
completely over a pressure range spanned by only two or
three data points.
The resolution and drift of the manual capacitance
bridge were the limiting factors in the earlier isotherms,
but the resolution of the automated capacitance bridge
is about an order of magnitude better than the experi-
mental noise. For most of the data therefore, resolution
was set by temperature control. The resolution of the
bulk helium density capacitor is better than ±0.01 kg
m3
.
The aerogel helium density resolution is somewhat sam-
ple dependent, but always better than ±1 kg
m3
. Both the
bulk and aerogel helium density capacitances show slight
shifts with temperature which contribute an additional
error of less than 0.5 kg
m3
over the temperature range of
these data. The method we used for converting aerogel
capacitance to helium density also introduced errors on
the order of those due to electrical noise.
Since the sample was mounted with its axis horizontal,
there was a gravitational pressure head of up to 60µbar
across the 1.2cm diameter sample. The uncertainty and
drift in cell and ballast temperatures (±50µK), and the
slope of the coexistence curve of helium near its critical
point (∼ 1.5bar/K) combined to restrict our experimen-
tal pressure resolution to about 70µbar. The similar size
of these two factors meant that both the sample dimen-
sions and temperature control would have to be changed
to improve experimental resolution significantly.
III. RESULTS
A. Bulk Helium Density
The bulk helium capacitor was calibrated by using the
measured capacitance and literature values32 for the den-
sity of helium liquid and vapor at saturated vapor pres-
sure at 4.400K. These values were used to fit the helium
5FIG. 2: Isotherms for bulk helium near the critical tempera-
ture of 5.1952K. Below Tc there exists a region of two-phase
coexistence where the isotherm is completely flat, indicated by
the arrows along the isotherms at 5.175K and 5.194K. Above
Tc this flat region is replaced by an inflection point.
density (ρHebulk) to an expression of the form:
ρHebulk = A(C − C
eff
0 ) (1)
where C was the measured capacitance and A and Ceff0
were adjustable constants which were recalculated for
each data run. The bulk helium capacitor had a slight
background temperature dependence so a small empiri-
cal temperature correction was added to minimize devi-
ations from literature values at higher temperatures. A
comparison between densities calculated from our exper-
imental data and values extracted from the NIST Chem-
istry WebBook32 showed deviations less than 0.3 kg
m3
for
temperatures from 4.400K to just below the bulk critical
temperature of helium (5.195K). Since bulk helium den-
sity is only used to account for the effect of the aerogel
capacitor fringe fields, this degree of accuracy is suffi-
cient.
Using this calibration, bulk pressure-density isotherms
were collected. Three examples of bulk isotherms are
shown in Fig. 2, two below Tc (which was empirically
determined to be 5.1952K on our thermometer calibra-
tion) and one above it. For the T<Tc isotherms a distinct
coexistence region is marked by arrows. The width of the
two-phase coexistence region shrinks as the critical tem-
perature is approached; above Tc there is no coexistence
and isotherms are single smooth curves with an inflec-
tion point at the critical density. Even when the onset
of coexistence was a little unclear on a pressure-density
plot, such as the T=5.194K isotherm in Fig. 2, it was ob-
vious when looking at the time dependence of the data
during a constant flow adsorption isotherm — once co-
existence was reached the capacitance of the bulk helium
capacitor remained constant for a long time, until the
liquid-vapor meniscus in the cell reached the bulk helium
capacitor. From the slopes of supercritical isotherms it is
also possible to determine the compressibility of bulk he-
lium, with flat isotherms below the LVCP corresponding
to a diverging compressibility.
B. Helium Density in Aerogel
The effective dielectric constant of a porous medium
depends on the dielectric constant of the matrix, that of
the fluid in its pores, and the geometry of the system.
With knowledge of those three factors it is possible to
calculate an effective dielectric constant33. Since aerogel
acts as a dilute impurity, it turns out that there is little
deviation from a linear relationship between fluid density
and capacitance. When a single fluid phase is present
there is a nonlinear term in the dielectric constant of the
aerogel which depended on the aerogel porosity (φ) and
the fluid dielectric constant (ǫHe). This term, propor-
tional to (1 − φ) ∗ (ǫHe − 1), was negligible in our mea-
surements since we were using 95% and 98% porous gels
and the dielectric constant of helium is less than 1.05 at
the temperatures and pressures used in our experiments.
When phase separated liquid and vapor were present in-
side the aerogel, more assumptions had to be made since
the geometry of the liquid-vapor interface was not known.
However, deviations from linearity were still smaller than
3%30, less than both the experimental variations between
runs and the features we were investigating.
There are actually three contributions to the measured
capacitance of the aerogel sample: the capacitance of the
empty aerogel (C0), the capacitance added by the helium
in the aerogel (CHegel ), and the capacitance added by the
bulk helium in the fringe fields outside of the aerogel
sample (CHebulk):
Ctotal = C0 + C
He
gel + C
He
bulk (2)
To find the density of helium in the aerogel these
three factors were determined separately, using an ad-
sorption isotherm taken at 4.400K to determine their rel-
ative sizes. The capacitance of the aerogel was measured
when empty (C0), when full with liquid but surrounded
by bulk vapor (CA), and when full with liquid and sur-
rounded by bulk liquid (CB) — see Fig. 3 for details. As
the aerogel fills with helium, capacitance increases until
point “A,” where the aerogel is completely filled with liq-
uid. The spike of noise in pressure at point A is related to
momentary temperature control problems in the cell as
bulk liquid begins to condense into the cell. As the bulk
liquid meniscus moves up over the aerogel sample (i.e.
between points “A” and “B”) the capacitance increases
due to fringe fields in the bulk helium, not due to the
helium density within the sample. By quantifying these
fringe effects it is possible to correct the capacitance data
for the small spurious shifts due to changes in bulk fluid
density in the cell.
We assume that far from the LVCP the density of liq-
uid helium in aerogel is equal to that of bulk liquid he-
lium; while there may be a slight enhancement of he-
6FIG. 3: Continuous flow helium adsorption isotherm for sam-
ple B110 at 4.400K. C0 is the capacitance of the empty aero-
gel, point “A” corresponds to the aerogel being full of liquid
coexisting with bulk vapor outside the gel, and point “B” cor-
responds to a full gel surrounded by bulk liquid helium. The
inset enlarges the region where fringe field effects are most
obvious.
lium density due to denser layers adsorbed on the silica
strands, it will not be important far from the critical
point. The first layer of helium adsorbed on the aerogel
surface accounts for less than 8% of the open volume in
the aerogel (for 95% porosity aerogel). Even if we assume
that the first layer is 25% denser than bulk liquid helium,
then the total helium density of the system will only be
enhanced by about 2% far from the LVCP.
Using the three points along the 4.400K isotherm
mentioned above, and assuming that helium density at
4.400K in aerogel is identical to bulk helium density, it is
possible to fit the density of the helium to an expression
of the form:
ρHegel = D
(
Cgel − C0 −
ρbulk
E
)
where “D” reflects the sensitivity of the capacitor to the
density of helium in the aerogel and “E” reflects the ef-
fects of the fringe fields (i.e. the influence of the envi-
ronment surrounding the gel, which must be subtracted
from the signal). The constants (C0, D, and E) must
be determined for each run since even a small change in
position of the sample can have significant effects on the
density calibration. When bulk capacitance and aerogel
capacitance were measured simultaneously it was simple
to account for the fringe effects. However, occasionally
bulk data were not available, so the density for bulk he-
lium at SVP was used to approximate ρbulk (bulk vapor
density, since our isotherms were taken below bulk satu-
ration).
FIG. 4: Equilibrated isotherm at 5.100K in aerogel B110.
This isotherm displays a well defined hysteresis loop — ther-
mal equilibrium of points along the hysteresis loop was very
slow, while points that did not lie along the hysteresis loop
equilibrated in a few minutes. Points along the adsorption
isotherm are shown as solid symbols, while points along the
desorption isotherm are shown as open symbols.
C. Thermal Equilibration
Aerogels are truly phenomenal thermal insulators, a
fact which leads to very slow thermal equilibration within
samples. By using the thinnest samples (only a few hun-
dred micrometers thick) we minimized the thermal equi-
libration time. To ensure that we were measuring rate–
independent isotherms, we directly monitored the equili-
bration of helium density during adsorption and desorp-
tion.
One example of an equilibrated isotherm is shown in
Fig. 4 for helium in aerogel B110 at 5.100K. Figure 5
shows the response at 5.100K to a change of 1mK in
ballast temperature. The data in Fig. 5 were taken dur-
ing a data run subsequent to that in Fig. 4. While the
step in ballast temperature was effectively instantaneous
and the cell pressure and bulk helium density responded
completely within a few minutes, the density of helium
in the aerogel sample took hours to equilibrate. This is
probably due to the slow thermal equilibrium within the
aerogel; while the aerogel is highly permeable to helium,
convection is suppressed by the aerogel strands. Equi-
libration during emptying took about twice as long as
filling, as shown in Fig. 6.
The relaxation in aerogel B51 was even slower than in
aerogel B110; a direct comparison of emptying steps for
the two is also shown in Fig. 6. The step along the B51
desorption isotherm corresponded to a change in TBallast
of only 0.1mK, as opposed to the 1.0mK change shown
for aerogel B110. Since the change in helium density
in aerogel B51 is driven by a much smaller temperature
change in the ballast, the pressure and temperature gra-
dients across the sample during desorption are smaller in
aerogel B51. For a given density change the amount of
7FIG. 5: Equilibration at 5.100K following a 1mK step in bal-
last temperature.
FIG. 6: Comparison between relaxation in aerogels B110 (fill-
ing and emptying) and B51 (emptying) at T=5.100K. The
data shown here corresponds to ballast temperature steps of
±1mK for B110 and −0.1mK for B51.
FIG. 7: Isotherms for helium adsorption in aerogel B110 at
5.140K showing three continuous filling rates and also equi-
librated points. The time to complete the isotherms, from
the outer loop to the inner loop, were 1.5hours, 2.5hours, and
5hours. The equilibrated points, shown as the innermost loop,
were collected over about 10 hours.
latent heat which must be supplied during desorption is
approximately the same in B51 and B110, so the smaller
temperature gradient present in B51 results in slower re-
laxation. In practical terms, this means that the equili-
bration time is inversely related to the slope of the ad-
sorption isotherm — the flatter the isotherm, the slower
the equilibration at each pressure.
Even at the slowest rates possible with our flow con-
troller, continuous flow adsorption isotherms did not al-
low for thermal equilibration along hysteretic isotherms.
The effects of filling rate are illustrated in Fig. 7 for
isotherms taken at 5.140K in B110. The loop remained
when the density was allowed to equilibrate at each point,
but the size and shape of the continuous flow loops de-
pended sensitively on the filling and emptying rates. The
effect of filling rate was greater for the lower temper-
ature isotherms while above bulk Tc equilibration was
relatively fast and there was no hysteresis during contin-
uous flow measurements.
IV. ADSORPTION ISOTHERMS
Adsorption isotherms were collected in aerogels B110
and B51 over similar temperature ranges; isotherms are
shown for T=4.880K and T=5.150K in Figs. 8 and 9,
which also include the corresponding measured isotherms
for bulk helium.
Given the similar synthesis conditions, the physical
microstructure of the gels should be very similar, lead-
ing to adsorption isotherms sharing many characteristics.
At the temperatures shown here both samples exhibited
hysteresis loops — these loops remained resolvable un-
til quite near to the bulk critical temperature. The low
8FIG. 8: Comparison between isotherms in aerogels B110 and
B51 at T=4.880K
FIG. 9: Comparison between isotherms in aerogels B110 and
B51 at T=5.150K
density sides of the adsorption isotherms curve smoothly
into the hysteresis loops, making it difficult to precisely
identify the onset of capillary condensation or define “va-
por branches” for the isotherms. On the other hand, the
high density sides of the isotherms had sharp transitions,
allowing one to pinpoint the completion of capillary con-
densation with more precision.
However, there are also significant differences between
adsorption isotherms in the two aerogels. In aerogel B51
the hysteresis loops occur closer to saturated vapor pres-
sure (P0) and cover a larger density range. The low den-
sity portion of the adsorption isotherms in B51 shows less
density enhancement before the onset of capillary con-
densation — the less dense medium perturbs the helium
density less from its bulk value. Similarly, the density
enhancement when the gel is full (at 5.150K) is smaller
in B51. Far from the critical point we assumed that the
aerogel strands only perturb the density of the layer of he-
lium directly adjacent to the silica strands, but by 5.150K
the system is close enough to the LVCP that the liquid-
vapor interface has become less distinct and the fluid
is very compressible. In this temperature region, per-
turbations in fluid density caused by the silica strands
propagate further into the fluid.
The evolution and disappearance of the hysteresis loop
as temperature is raised is also very different in these
two samples. In B110 the loop disappears between
5.150K and 5.160K (∼40mK below Tc), while in B51
it disappears between 5.170K and 5.180K (∼20mK be-
low Tc). Thus, the temperature difference between the
point at which the hysteresis loop closes and the bulk Tc
is roughly proportional to the aerogel density. The man-
ner in which the loops close also differs. The hysteresis
loop in sample B51 covers a smaller pressure range as
the temperature is raised, but its shape does not change
drastically. Sample B110, on the other hand, exhibits a
hysteresis loop that seems to “zip” closed as the temper-
ature is raised.
A. Helium in Aerogel B110
Sample B110 had a porosity close to the aerogel used
by Wong and Chan in their work near the liquid-vapor
critical point17 and very close to that used by the Greno-
ble group20. We have equilibrated adsorption isotherms
for sample B110 at temperatures from 4.880K to above
the bulk critical temperature. At temperatures far below
the LVCP, these isotherms show large hysteresis loops,
which gradually shrink as the temperature is raised, un-
til (at about 5.155K) they finally disappear. The hys-
teresis covers a large density range – much wider than
the coexistence curve mapped out by Wong and Chan17
close to the LVCP – but are narrower than the bulk he-
lium coexistence curve. For all loops, both adsorption
and desorption branches have finite slopes; there are no
isotherms that exhibit the flat coexistence regions seen
in bulk helium.
The evolution with temperature of the hysteresis loops
in B110 is shown in Fig. 10 — they shrink and become
more triangular as the temperature is raised. The high
density end of the loop remains well defined, especially
along the desorption branch, but the hysteresis loop be-
comes less and less distinct at the low density end. The
loop transforms from a roughly rectangular shape to a
triangle until, at higher temperatures, it completely dis-
appears (Fig. 11). While the hysteresis loop is still dis-
tinct at 5.150K, by 5.155K any loop is too small to re-
solve. The slight difference between the adsorption and
desorption isotherms at 5.155K and 5.165K in this figure
is a measure of the resolution and drift in our system —
there does not appear to be any distinct loop as there
was for the lower temperatures.
Since the mechanism for hysteresis in aerogel is not
known, the disappearance of a hysteresis loop above
5.150K need not imply the disappearance of distinct pore
9FIG. 10: Three isotherms in aerogel B110 at temperatures:
T=4.880K, 5.100K, and 5.150K.
FIG. 11: Isotherms in aerogel B110: T=5.150K, 5.155K,
and 5.165K. The data have been shifted to make this figure
clearer — the T=5.155K pressure data have been shifted by
−0.0002 P/P0 while the T=5.150K pressure data have been
shifted by −0.0004 P
P0
.
liquid and pore vapor phases. A fairly sharp kink at the
high density side of the isotherm remains after hystere-
sis has disappeared. The eventual disappearance of this
kink at some temperature above the disappearance of
hysteresis but below the bulk critical temperature may
be an indication of the disappearance of a distinct “pore
liquid” phase.
B. Helium in Aerogel U90
We have also collected a series of isotherms on an-
other aerogel sample, designated “U90,” with a density
of about 90 ± 25 kg
m3
. Data were collected using the im-
proved system, including the pressure regulation ballast.
A single isotherm from this sample is included in Fig. 12.
FIG. 12: Isotherms at 5.000K in aerogels B110(circles) and
U90(triangles). The B110 data were collected manually while
U90 data were collected using the automated system incorpo-
rating the pressure regulation ballast.
The adsorption and desorption isotherms in aerogel U90
were very similar to those in B110, including their tem-
perature dependence.
C. Helium in Aerogel B51
Sample B51 had a density of 51 kg
m3
, corresponding to a
porosity of slightly less than 98%. Capillary condensation
occurred at higher relative pressures than in the denser
gel and the gel filled (or emptied) over an exceptionally
narrow pressure range. Isotherms at 4.880K and 5.150K
were shown earlier (Fig.’s 8 and 9). A single isotherm at
5.150K is shown in greater detail in Fig. 13. This can
be compared to the 5.100K isotherm for B110 (Fig. 4).
Most of the points along the 5.150K isotherm have been
allowed to relax completely, although there was a single
point, marked by an asterisk (*) in Fig. 13, that had not
quite equilibrated.
Figures 14 and 15 show the evolution of the hysteresis
loops with temperature. All isotherms are constructed
from equilibrated points except the 4.880K isotherm
— because of the extremely slow thermal equilibration
within sample B51, it was not practical to wait for the
points along the flattest region of the hysteresis loop to
completely equilibrate at this one temperature. The hys-
teresis loops extend over a larger range of densities than
in B110 but the aerogel fills or drains almost entirely
in a single ∼ 100µbar pressure step. Hysteresis is still
resolvable in the isotherm at 5.170K, although the preci-
sion of our pressure control is barely good enough (a few
parts in 105) to resolve the loop. At 5.180K no hysteresis
was seen. A number of points along the higher tempera-
ture isotherms showed a slow drift that could sometimes
be comparable to the density change seen during that
isotherm’s step. This is an indication that at such tem-
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FIG. 13: Adsorption isotherm in aerogel B51 at T=5.150K.
The only point in the plot which does not represent a fully
relaxed state is indicated by the asterisk(*). Note that this
loop is only a few times wider than our pressure resolution.
FIG. 14: Three isotherms in aerogel B51: T=4.880K, 5.100K,
and 5.150K. The data along the 4.880K hysteresis loop is
slightly out of thermal equilibrium along the flattest sections.
peratures the isotherms are very sensitive to cell temper-
ature and pressure and we have reached the limits of our
ability to control the system.
V. DISCUSSION
Previous measurements17,18,20 of liquid-vapor behav-
ior have been made using aerogels with similar density
to our sample B110 (110 kg
m3
, 95% porosity) and we can
compare our results to those experiments. In this aerogel,
our isotherms (Figs. 10 and 11) have nearly rectangular
hysteresis loops far from the LVCP, but these become
more triangular at higher temperatures. The loops fi-
nally disappear about 40mK below the bulk LVCP. All
isotherms have non-zero slopes, in contrast to the flat
FIG. 15: Three isotherms in aerogel B51: T=5.160K, 5.170K,
and 5.180K. Some points have been eliminated from the
isotherm at 5.180K because they appeared to drift over time,
indicating that we are operating at the limit of resolution for
this system.
region associated with liquid-vapor coexistence in bulk
helium (e.g. in Fig. 9). The onset of capillary condensa-
tion along the isotherms is gradual, making it impossible
to unambiguously identify a low density fluid phase in
the aerogel that is analogous to bulk vapor.
Gabay et al.20,34 used a mechanical oscillator to mea-
sure the helium density while isothermally flowing helium
at different rates into or out of a similar aerogel. The hys-
teresis they observed depended on the flow rate, but was
significant even for filling times as long as 64 hours. Their
highest temperature hysteresis loops, at 5.140K, closely
resemble those shown in Fig. 7. Our measurements show
that this hysteresis persists in the static limit, imply-
ing that there are metastable thermodynamic states for
helium in aerogel, even very near the bulk critical point.
The rate dependence they observed is consistent with our
long equilibration times, given their larger sample dimen-
sions (1cm versus our 0.5mm). They also found that the
isotherms always had finite slopes, in agreement with our
measurements.
Wong and Chan, on the other hand, saw qualitatively
different behavior17 near the LVCP of helium. They mea-
sured heat capacity along isochores and used the tem-
peratures of the peaks to map out an extremely narrow
coexistence curve near the LVCP, with the liquid branch
shifted to lower density than bulk liquid in contrast to
our measurements. They supplemented these measure-
ments with several adsorption isotherms which had flat
regions consistent with coexistence, and reported no hys-
teresis. Their isotherm measurements had limited pres-
sure resolution, so would not have resolved the smallest
slopes we observed. The absence of hysteresis in these
isotherm is puzzling, but could reflect differences in how
our samples were filled. They used the more common
method in which known quantities of gas are admitted
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in bursts and then let come to equilibrium — in essence
stepping density rather than pressure. However, this can
cause significant local heating as the gas condenses into
the sample. When condensation occurs over a very nar-
row pressure range (as it does in aerogels near the critical
point) a local temperature jump of even a few millikelvin
would correspond to relative pressure shifts larger than
the width of a hysteresis loop itself. The system would
then relax along a different thermodynamic path and
might not end up in the same metastable state it would
reach if the chemical potential was isothermally changed
in steps, as in our measurements, or continuously, as in
Gabay et al.’s work. At lower temperatures, all tech-
niques show hysteretic adsorption loops that cover a rel-
atively wide density range, like the 4.880K data shown
in Fig. 1027,34.
The very narrow coexistence curve that Wong and
Chan deduced from their heat capacity measurements
was a surprising result. Neither we nor Gabay et al. were
able to find either a true coexistence region or any fea-
tures in our isotherms that would produce such a nar-
row curve. In addition to the method used to admit
helium, there are several differences between the experi-
ments which may be relevant. Both our cell and that of
Gabay et al. had large open volumes, so the aerogel was
always in contact with a substantial reservoir of bulk he-
lium; Wong and Chan’s cell had much less bulk volume.
Our measurements and those of Gabay et al. were done
isothermally; Wong and Chan’s heat capacity measure-
ments followed isochores. These differences mean that
less helium was adsorbed or desorbed following a tem-
perature step in their isochoric measurements than fol-
lowing a pressure step in our isotherms. However, even
with no bulk helium present, a temperature step pro-
duces gradients in temperature and thus in pressure, re-
sulting in an internal redistribution of helium within the
aerogel, with similar long equilibration times. Since our
sample dimensions were comparable to those in Wong
and Chan’s heat capacity measurements (about 0.25mm
thick in their case), their samples probably had similarly
long time constants, up to several hours. This makes in-
terpretation of AC heat capacity measurements difficult,
since only a very thin layer of helium near the surface of
the sample would respond even at a heater frequency as
low as 0.1 Hz.
Although our sample density is similar to that used by
Wong and Chan, the liquid-vapor phase behavior could
be sensitive to small differences in porosity or microstruc-
ture. However, we made measurements in another aero-
gel, U90, with similar density (90 kg
m3
) but synthesized
elsewhere and Fig. 12 shows that the behavior at 5.000K
is essentially the same as the behavior of B110 (as was
the evolution of the isotherms with temperature). Thus,
two different gels with similar densities, but from differ-
ent sources, showed remarkably similar behavior. This
supports the position that it is unlikely that any small
structural differences between our samples and that of
Wong and Chan could account for the dramatically dif-
ferent behavior observed in our experiments.
Our measurements on sample B51 (51 kg
m3
, 98% poros-
ity) show how the shape and temperature dependence of
adsorption isotherms depend on aerogel porosity, as sum-
marized in Figs. 8 and 9. As expected, the effects of the
aerogel on helium’s liquid-vapor behavior become smaller
as the density of the aerogel is reduced. Isotherms in the
more porous gel (B51) resemble those in B110, but con-
densation occurs over a narrower pressure range, closer
to bulk saturation. Hysteresis loops extend over a larger
density range and persist to even higher temperatures,
finally disappearing about 20mK below the bulk critical
temperature. Perhaps more significantly, the shape of
the hysteresis loops does not change as the LVCP is ap-
proached (Figs. 14 and 15); they remain rectangular, in
contrast to the denser aerogel where they become trian-
gular. The low density onset of condensation is sharper,
but still rounded, and isotherms have a smaller, but non-
zero slope at all temperatures. Capillary condensation
begins at lower densities in the less dense aerogel, re-
flecting the smaller perturbation of the helium vapor
by the silica strands. The enhancement of the liquid
phase’s density is smaller, but significant near the LVCP
where it is more compressible (Fig. 9). Measurements by
Tuliemeri et al.27 have also shown that aerogel density
affects the shape of isotherms far from the critical point
— they become sharper and flatter in high porosity aero-
gels.
Most papers on the liquid-vapor transition in porous
media include plots of “coexistence curves.” Exactly
what features to include in such a plot, and even how
to define those features, is somewhat arbitrary; however,
once the plot is constructed it does allow for quick com-
parison to other experiments and to bulk fluid. To this
end, in Fig. 16 we plot “coexistence curves” for helium
in aerogels B110 and B51. When hysteresis loops are
present, their closure points (which are always within the
accompanying uncertainty of any “kinks” in the adsorp-
tion isotherm) are used to mark the onset and completion
of condensation in the aerogel. When there is no hys-
teresis, we cannot identify a distinct low density feature,
but over a limited temperature range there is still a kink
which may indicate the end of capillary condensation and
is a possible marker for the high density “liquid” branch
of a coexistence curve. Figure 16 compares these curves
for our high and low density aerogels, B110 and B51. The
effective coexistence curves in both aerogels are narrower
than for bulk helium and are shifted to higher densities.
The changes are most significant for the denser aerogel,
B110, but the curve is not nearly as narrow as Wong and
Chan’s coexistence curve for a similar porosity aerogel.
The narrowing of the B110 curve is, however, similar to
that previously seen for nitrogen18 and neon30.
The behavior of fluids in pores near the liquid-vapor
critical point has often been discussed in terms of a “cap-
illary critical point” but there are a variety of definitions
of this point12,13,35. It is sometimes assumed to be the
temperature where hysteresis disappears; in other work
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FIG. 16: Effective “coexistence curves” for helium in aerogel B110 and B51 plotted using the closure points of hysteresis loops
(circles) as markers for the high and low density phases. In aerogel B110 additional data (squares) are included which may
indicate the completion of capillary condensation at temperatures above the disappearance of hysteresis. Where error bars are
not visible, they are smaller than the data symbols.
it is thought of as a more fundamental thermodynamic
point which plays the same role as the liquid-vapor crit-
ical point in bulk fluids. In the former case, properties
like surface tension are usually assumed to remain bulk-
like. In the latter case, they may exhibit power law be-
havior close to the capillary critical point. In our mea-
surements, the disappearance of hysteresis does not cor-
respond to a true critical point since, for example, the
fluid’s compressibility does not diverge at this tempera-
ture (the isotherm slopes do not approach zero). Well
below the critical point, the isotherms become very flat,
but the hysteresis prevents us from measuring the equi-
librium compressibility to see if it diverges at some lower
temperature. It is clear that our isotherms and “coexis-
tence curves” like Fig. 16 cannot be analyzed in terms of
equilibrium critical exponents, nor can we assign unique
“capillary critical points” for helium in our aerogels.
Although we cannot access the equilibrium states of
the system while it exhibits hysteresis, the simulations
of helium condensation in 95% porosity aerogels16,26 can
probe the energetics of states within the hysteresis loop.
The fluid density in the equilibrium states showed a dis-
continuous jump in fluid density at a single value of
chemical potential as one would expect with liquid-vapor
coexistence. However, when the simulations raise and
lower the chemical potential to fill and empty the aero-
gel (the analog of us varying the pressure in our mea-
surements) they also show metastable states and hystere-
sis. The qualitative features of the simulated hysteresis
loops closely resemble our results and even the sizes of
the loops are similar. Furthermore, the simulated and
experimental loops evolve in the same way with temper-
ature; roughly rectangular loops become narrower and
more triangular as the temperature is raised and disap-
pear slightly below the LVCP. At higher temperatures
the simulated isotherms have finite slopes, as do our ex-
perimental ones. If there is an equilibrium liquid-vapor
transition, it must be masked by the hysteresis loops at
temperatures far from the LVCP and disappear before
the hysteresis loops do.
Although the simulated aerogels all have porosities of
95% or less, the porosity dependence of the isotherms
also qualitatively resembles the behavior in our experi-
ments. Loops become more rectangular as the density
of the gel decreases, and the disappearance of hystere-
sis occurs closer to the bulk critical temperature. Since
the simulations which showed this behavior use mean
field calculations, it does not appear that critical ther-
mal fluctuations are needed to explain the evolution of
the hysteresis or its disappearance below the bulk critical
temperature. If true thermal critical behavior is observ-
able for fluids in aerogel, then it must be very subtle.
This is also consistent with the recent neutron scattering
study of CO2 in aerogel
15 which did not see any evidence
of a diverging coherence length near the LVCP.
Many of the features of our adsorption isotherms are
similar to those associated with capillary condensation
in denser media, despite the lack of well defined pores in
aerogel. In dense media, fluid can be pictured as being
adsorbed on the walls of archetypal pores (cylindrical,
slit, or ink bottle, for example). As fluid is adsorbed,
a liquid-vapor interface forms with a negative curvature
which shifts the equilibrium conditions and causes liq-
uid to condense below the bulk saturated vapor pressure.
This behavior is described quantitatively by the Kelvin
equation, which can be written as:
P0 − Pv = −Cγ
(
vl
vv − vl
)
(3)
where C is the curvature of the liquid-vapor interface,
γ is the surface tension of the fluid, P0 is the saturated
vapor pressure at a given temperature, Pv is the pres-
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FIG. 17: Effective radii of curvature for the helium liquid-
vapor interfaces during adsorption (solid symbols) and des-
orption (open symbols) in aerogels B110 (circles) and B51
(triangles), from the Kelvin equation. The approximate thick-
ness of the aerogel strands and the bulk liquid-vapor interface
thickness are included on the plot, as are the window sizes of
cubic networks with densities equivalent to B110 and B51.
sure at which capillary condensation occurs, and vl and
vv are the molar volumes of the liquid and vapor phases
respectively. All of these terms are temperature depen-
dent except for the curvature of the interface, which is
assumed to remain well–defined and constant. However,
aerogels are best described as a tenuous network of sil-
ica strands, not as a set of regular pores and it seems
unlikely that condensation would involve a liquid-vapor
interface with a constant negative curvature — the mean
field simulations16,26 discussed above do not show evi-
dence for a constant curvature interface.
The depression of the condensation pressure in our
measurements (filling at P/P0 < 1 in Figs. 7 to 15) does
scale roughly with the bulk surface tension of helium, as
one would expect for capillary condensation. If one as-
sumes that condensation of helium in aerogels can be well
described by the Kelvin equation then we can extract an
effective curvature of the liquid-vapor interface which is
responsible for the lower condensation pressure. To con-
vert curvature to a radius one must assume a shape for
the liquid-vapor interface, e.g. hemispherical. The ef-
fective radii for hemispherical liquid-vapor interfaces in
our aerogels (B110 and B51) are shown in Fig. 17. The
radii were extracted from the filling and emptying pres-
sures using the Kelvin equation and assuming bulk val-
ues for surface tension and molar volumes, Also included
in the figure are several other relevant length scales: the
thickness of the aerogel strands, the thickness of the bulk
liquid-vapor interface, and effective “window sizes” for
models of aerogel as a cubic lattice of intersecting cylin-
ders, with the cylinder thickness and sample density cho-
sen to reflect our samples36.
The average low temperature (i.e. less than 5.150K)
Sample Branch r
B110 Filling 43nm
Emptying 28nm
B51 Filling 135nm
Emptying 85nm
TABLE I: Effective radii of curvature of the liquid-vapor in-
terface extracted from the Kelvin equation assuming a hemi-
spherical meniscus.
values for the radius “r” extracted from the Kelvin equa-
tion are summarized in Table I. If the interface has the
same shape during filling and emptying, then its effective
radius of curvature must be roughly 50% larger on fill-
ing than emptying, but this difference more likely reflects
different interface shapes during adsorption and desorp-
tion. For desorption it may be possible to interpret the
effective radius of curvature as a “breakthrough radius”
for the penetration of vapor into the aerogel voids, but
it is unclear what the effective radius during adsorption
could represent.
The thickness of a bulk liquid-vapor interface is given
by37 L = 3.64ξ where L is the interface thickness and
ξ is the fluid correlation length calculated as a function
of reduced temperature, t, using ξ = ξ0t
−0.63 where38
ξ0(
4He) = (1.8±0.3)∗10−10m. When the interface thick-
ness is less than the thickness of the aerogel strands, it is
reasonable to treat the helium as a bulk fluid with a well
defined meniscus. However, once the interface exceeds
the strand size, this picture breaks down. The aerogel
strands may not pin the interface and the effective sur-
face tension may differ from its bulk values. It is therefore
surprising that the filling and emptying of the aerogels
scales so well with bulk surface tension. Very close to
the critical point, where hysteresis disappears, the bulk
helium interface thickness is much larger than the strand
diameter and is approaching the size of the average void
in the aerogel. The effective interface radius of curva-
ture changes rapidly in this temperature regime and it
no longer makes sense to think of the system in terms of
pores with a curved liquid-vapor interface. It is probably
better to picture the aerogel as a random perturbation
affecting the fluid phases in some averaged way.
Although our adsorption isotherms share many qual-
itative features with those in denser media, referring to
the process as capillary condensation is somewhat mis-
leading since aerogels do not have well defined pores. In-
stead, one can picture the helium as condensing around
the strands and especially at their intersections. As ad-
sorption proceeds, the fluid would fill regions with the
highest strand density first, as in the simulations16,26.
Since the aerogel silica backbone is so tenuous, it is eas-
ily deformed by small forces, including the surface tension
that drives capillary condensation. In fact, one can see
the effect of surface tension on the lower density aerogel
in Fig. 8. The high pressure side of the B51 isotherm has
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a negative slope after the completion of capillary con-
densation; this is due to surface tension compressing the
sample and changing the area and separation of the ca-
pacitor plates.
We have studied the compression of aerogels by surface
tension in more detail using a different technique43. At
4.880K, aerogel B51 is compressed by up to 2% by he-
lium’s surface tension during desorption; B110, with its
higher elastic constants, is compressed by less than 0.2%
at the same temperature. In that study we were also able
to measure the bulk moduli of our aerogels to be 0.4MPa
and 0.04MPa for B110 and B51 respectively.
VI. SUMMARY
We have investigated the adsorption and desorption
of helium near its LVCP in silica aerogel, a matrix with
tunable density. Our measurements were made at tem-
peratures far from the critical point, where a well defined
liquid-vapor interface exists, and at temperatures close
to the critical point where the fluid is expected to sense
the aerogel in an averaged way. Nowhere did we see an
unambiguous equilibrium first order transition, nor did
we see critical behavior dominated by thermal fluctua-
tions. The very flat low temperature hysteresis loops
in aerogel may reflect an underlying equilibrium phase
transition in this system, but it is not experimentally ac-
cessible because of metastable states during filling and
emptying. Many features of our isotherms could be de-
scribed in terms of capillary condensation, although this
picture becomes less applicable as the liquid-vapor criti-
cal point is approached. It is also unclear how the picture
of capillary condensation caused by a liquid-vapor inter-
face with a well–defined radius of curvature can be ap-
plied to aerogels, which have structure over a wide range
of length scales. There is no evidence for a constant ra-
dius of curvature in the adsorbed fluid, and yet capillary
condensation occurs over a very narrow pressure range
— especially for very high porosity gels such as B51.
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